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We investigate a dimension five Lorentz-violating (LV) nonminimal coupling between the neutral
vector meson field strength and the pion current in the context of the Kroll-Lee-Zumino (KLZ)
model. In this modified model we study the vector meson dominance (VMD) through of the imposing
of new universality conditions between the couplings that comes from LV contributions. We also
show that the LV nonminimal coupling leads to a linear momentum dependence in the timelike pion
form factor, that is used to evaluate LV corrections for the muon anomalous magnetic moment. The
experimental imprecision of such quantity allows us to obtain upper bound g¯ξ0 < 1.0 GeV
−1. In
addition, we also use the LV nonminimal coupling in the KLZ model to recalculate the ρ decay rate.
In this case the experimental imprecision is used to constrain the magnitude of the LV parameter
at the level of g¯ξ0 < 1.9× 10−2 GeV−1.
PACS numbers: 11.30.Cp, 12.60.Cn, 13.38.Dg, 13.38.Be
I. INTRODUCTION
The interaction of photon with the hadronic matter is
one of the main aspects of the hadronic physics and it
is an important tool to learn about QCD [1]. Some ap-
plications involve the hadronic contribution to the gyro-
magnetic ratio of the muon [2], the study of the intrinsic
structure of the nucleon [3], in-medium modifications of
hadrons [4]. At energies below 1 GeV, the neutral vector
mesons play an important role in this interaction, be-
ing well described by the vector meson dominance model
(VMD). Such a model proposes that all interactions be-
tween photons and hadrons, in this energy range, are
mediated by the neutral vector mesons.
The VMD model was first studied by Sakurai [5, 6],
introducing the hadron-vector meson interactions anal-
ogously to the electron-photon interactions in Quantum
Electrodynamics. In Ref. [7] Kroll, Lee and Zumino pro-
posed a renormalizable Abelian quantum field theory for
pions and neutral vector mesons. Despite the mass term
for the gauge boson, the renormalizability is ensured due
to the coupling with a conserved current [8, 9]. The great
advantage of this theory is that it provides a quantum
field theory justification for the VMD model. Another
important phenomenological study of the theory was the
calculation of the rho-meson self energy at the one-loop
level, by Gale and Kapusta [10]. When one inserts this re-
sult in the VMD expression for the electromagnetic pion
form factor, one finds good agreement with experimental
data in the timelike region. In addition, this form factor
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is consistent with the known Gounaris-Sakurai formula
near to the rho-meson peak [11, 12].
The pion form factor is also directly related with the
hadronic vacuum polarization contribution to the muon
anomalous magnetic moment [13]. The muon magnetic
moment has been experimentally measured with great
precision [14]: 1011 × aµ(Exp.) = 116592080 ± 60. The
great experimental precision also reveals a discrepancy
with the theoretical value from the standard model (SM)
at level of 2.3σ to 3.3σ. Besides, the SM prediction to
muon magnetic moment is conveniently separated into
three parts: the electromagnetic (EM) part, weak (EW)
part and the hadronic part (had). The electromagnetic
and weak contributions have been determined with great
accuracy [15, 16]: 1011 × aµ(QED) = 116584719 ± 1.8,
1011 × aµ(EW) = 152 ± 3. Combining these results, we
find the experimental value of the hadronic vacuum po-
larization contribution to aµ
1011 × aµ(had) = 7209± 60. (1)
In the timelike region, the KLZ model was successful
to describe the pion form factor at tree level and giv-
ing the pion mean-squared radius 〈r2pi〉|VMD = 0.39 fm2,
which is close to experimental value 〈r2pi〉|Exp = 0.439 ±
0.008 fm2 [17]. The one-loop vertex corrections to the
tree level pion form factor were carried out in Ref. [18].
Lorentz symmetry violation has been investigated with
two main purposes: as a possibility for the physics be-
yond the standard model and as a precision programme
that states to what extent Lorentz symmetry holds in
several sectors of physical interactions. One of the main
frameworks for addressing Lorentz violation is the gauge
invariant and power-counting renormalizable standard
model extension (SME), developed by Colladay & Kost-
elecky [19]. In the SME, Lorentz-violating (LV) terms
are fixed tensor-valued background fields, originated as
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2vacuum expectation values, that are coupled to the phys-
ical fields. Inside the SME, LV effects were investigated
in fermion systems [20, 21], in the CPT-odd electromag-
netic sector [22], in the CPT-even electromagnetic sec-
tor [23, 24], in fermion-photon interactions [25–28]. Re-
cently, Lorentz violation aspects were also considered in
the quark and hadrons interactions in the quiral regime
[29], [30], [31]. Nonminimal extensions of the SME were
developed, involving higher derivatives and dimensional
terms, both in the photon [32] and fermion sector [33].
LV theories with higher-dimensional terms were proposed
inside other frameworks [34, 35].
Nonminimal higher-dimensional couplings between
fermions and photons and not involving higher deriva-
tives were also investigated in a CPT-odd version [36],
addressed in several respects [37–40]. Dimension five
CPT-even proposals were proposed in the context of the
Dirac equation as well [41], with MDM and EDM effects
being used to state upper bounds at the level of 1 part in
1020 (eV)
−1
and 1024 (eV)
−1
, respectively. A systematic
investigation on LV NMCs of dimension five and six was
performed in Ref. [42], [43]. Nonminimal couplings in
the electroweak sector [44] and in a LV version of a scalar
electrodynamics [45] were also proposed and constrained.
Recently, new possibilities of dimension-6, dimension-7
and dimension-8 nonminimal couplings have been exam-
ined [46], [47]. For hadronic systems, in the VMD regime,
the interaction between photons and hadrons is played
by vector mesons. In this scenario, it becomes senseful
to propose NMC between mesons as an extension of the
NMC involving photons and fermions of the QED, as a
first step to examine NMC in QCD systems. This is the
main purpose of this paper.
The paper is organised as follows: In section II, we
revisit some aspects of the KLZ model, discussing the
VDM concept. We introduce an extra LV nonminimal
coupling between the neutral vector meson and the pion
current, showing that it supports the VDM and the va-
lidity of the second VDM representation in the univer-
sality limit. In section III, we study the ρ-decay in the
LV KLZ model, using experimental data to constrain the
LV parameter. In section IV, we evaluate the pion form
factor corrected by the Lorentz violation, examining the
repercussions on the pion mean-squared radius and on
the muon anomalous magnetic moment. In section V we
present the conclusions and final remarks.
II. VECTOR MESON DOMINANCE IN THE
KLZ MODEL WITH LV NONMINIMAL
COUPLINGS
The KLZ lagrangian, involving the pions and vector
mesons, is originally given by
L = −1
4
GµνGµν +
1
2
m2ρρ
µρµ + ∂µpi
∗∂µpi −m2pipi∗pi
+ gρpipiρµJ
µ
pi , (2)
with mpi and mρ being the pion and ρ-meson masses,
respectively. The complex field pi∗ represents the charged
pions, pi±, the ρµ field describes the neutral vector meson,
ρ0, while Jµpi = i(pi∂µpi
∗−pi∗∂µpi) is the the pion current.
The authors realized the vector meson dominance in
the model via a mixing between the photon and the ρ
meson through a term of the form FµνG
µν [7]. This way,
omitting the pion fields, the relevant terms are
LVMD = −1
4
FµνF
µν − 1
4
GµνG
µν − 1
2
e
gρ
FµνG
µν
+
1
2
m2ρρµρ
µ + gρpipiρµJ
µ
pi + eAµJ
µ
pi , (3)
where the electromagnetic field is directly coupled to the
pion current, Jµpi , but not to the neutral vector meson,
which only interacts with the photon by the field strength
coupling. The most natural coupling, ρµA
µ, cannot be
considered because it leads to an imaginary mass contri-
bution for the photon when one calculates the dressed
photon propagator [6]. From Lagrangian (3), we de-
rive the equations of motion for the ρ-meson and pho-
ton fields. After decoupling these equations, and keeping
only terms up to linear order in the coupling constant e,
the electromagnetic current is written as
Jµem =
e
gρ
m2ρρ
µ + e
(gρpipi
gρ
− 1
)
Jµpi , (4)
which receives a hadronic contribution and shows that
the gauge invariance is related to the ρ meson transver-
sality. This model characterizes the first version of vector
meson dominance and it has a elegant form because the
electromagnetic gauge invariance is explicitly fulfilled.
In the particular limit gρpipi = gρ, the photon converts
entirely into a neutral ρmeson, once that the pion current
decouples from the electromagnetic current, existing no
longer direct coupling between the photon and the pion
current. This scenario becomes clearer by replacing the
following transformations
Aµ = A
′
µ/κ, ρµ = ρ
′
µ −
e
gρ
Aµ, e = e
′/κ, (5)
in the lagrangian (3), with κ =
√
1− (e/gρ)2, which pro-
vides
LVMD2 = −1
4
F ′µνF ′µν +m
2
ρ
e2
2g2ρ
A′µA
′µ − 1
4
G′µνG′µν
+
1
2
m2ρρ
′
µρ
′µ −m2ρ
e
gρ
ρ′µA
′µ + gρpipiρ′µJ
µ
pi . (6)
Notice that the direct interaction term between the pho-
ton and the pion current, e [1− gρpipi/gρ]AµJµpi , has van-
ished in the limit gρpipi = gρ, which now is mediated only
by the neutral ρ-meson. Now the electromagnetic current
is entirely read in terms of the neutral ρ-meson,
J ′µem =
e
gρ
m2ρρ
′µ. (7)
3FIG. 1: Interaction between photon and pion mediated by a
ρ meson
This limit is well known as a universality condition, which
allows to obtain the interaction between the photon and
pion only mediated by a vector meson, as illustrated in
Fig. 1. The Lagrangian (6) reads as the second version of
the vector meson dominance and it is more used because
the propagators are diagonals. However, the electromag-
netic gauge invariance is not explicit anymore, due to the
photon mass and the mixing terms.
We should now introduce Lorentz violation in this kind
of model without spoiling the VMD, however. To do that,
we add in Lagrangian (3) two dimension five nonminimal
couplings,
LLV = g¯JµpiGµνξν + g˜JµpiFµνξν , (8)
which represent unusual interactions of the field strengths
with the pion current and a fixed LV background, ξν ,
stating a preferred direction in spacetime and violating
Lorentz symmetry. Such a coupling has mass dimension
equal to −1, so that this theory becomes nonrenormaliz-
able by power-counting. According to Wilson renormal-
ization group, it can be interpreted as an effective theory
with a cutoff.
Considering the two terms in (8), there appears an
additional term in the electromagnetic current (4),
Jµem,LV =
[
e
gρ
g¯ − g˜
]
ξα∂αJ
µ
pi , (9)
and new terms in Lagrangian (6),
L′LV = g¯ξµG′µνJµpi +
[
g˜ − g¯ e
gρ
]
ξµFµνJ
µ
pi , (10)
when the transformations (5) are implemented. This
way, the Lorentz violation term brings an extra contri-
bution for the EM current also associated to pion cur-
rent. In order to keep the photon converting into a ρ me-
son we impose a new universality condition for the cou-
plings that comes from the LV terms, namely, g˜gρ = eg¯.
As a consequence, the nonminimal LV interaction be-
tween photon and pion current vanishes and only remains
L′LV = g¯ξµG′µνJµpi . This is second version of VMD with
Lorentz violation and its full the Lagrangian to be re-
garded from now on is
LLV VMD2 = −1
4
F ′µνF ′µν +m
2
ρ
e2
2g2ρ
A′µA
′µ − 1
4
G′µνG′µν
+
1
2
m2ρρ
′
µρ
′µ −m2ρ
e
gρ
ρ′µA
′µ + gρpipiρ′µJ
µ
pi
+ g1ξ
µG′µνJ
µ
pi , (11)
whose EM current is given in (7). Notice that we have
not included the second order contribution involving the
usual coupling, g2ρpipiρµρ
µpi∗pi, since it is not relevant in
the demonstration of the vector meson dominance. But,
it will be included to address the vacuum polarization
contribution for the pion form factor. There is also a
second order term in the LV coupling, g¯2ξµξνρµαρ
ναpi∗pi,
which will be neglected. Its worth to mention that, in
the absence of the LV term, despite the nonvanishing
mass term, the ρ-meson field still obeys the transversality
condition, ∂µρ
µ = 0. This is possible because the neutral
vector meson is coupled to a conserved current [7, 49].
III. LV CORRECTIONS TO THE DECAY RATE
OF THE DECAY
(
ρ0 → pi−pi+)
In this section, we examine just the effect of the non-
minimal coupling, g¯JµpiGµνξ
ν , on the decay of the neutral
ρ-meson into two pions. The photons play no role in the
process, hence, the lagrangian term associated to it is
written as
Lρpipi = [gρpipiρµ (x) + g¯Gµνξν ] Jµpi , (12)
and the corresponding scattering matrix is given by
S = −i
∫
d4x [gρpipiρµ (x) + g¯Gµνξ
ν ] Jµpi
= S0 + SLV (1) + SLV (2). (13)
We then propose plane wave expansions,
ρµ (x) = (2V q0)
−1/2
εµ (q, λ) exp (−iq · x), pi =
(2V p0)
−1/2
exp (−ip · x), pi∗ = (2V p′0)−1/2 exp (ip′ · x),
where q, p, p′ stand for the ρ0 vector meson and the
emerging pion/antipion four-momenta, respectively.
The zero order and first order contributions in the LV
parameters are
S0 = gρpipi (2pi)
4 δ
4 (p′ − p− q)
[8V 3q0p0p′0]
1/2
M0, (14)
SLV (a) = g¯ (2pi)
4 δ
4 (p′ − p− q)
[8V 3q0p0p′0]
1/2
MLV (a), (15)
with the usual amplitude,
M0 = εµ (q, λ) (p
′µ − pµ) , (16)
and a = 1, 2 representing the two LV contributions, which
involve
MLV (1) = −ξνqµεν (q, λ) (p′µ − pµ) ,
MLV (2) = ξ
νqνM0. (17)
4The decay rate for the tree-level process
(
ρ0 → pi−pi+) is
usually given as
Γ =
1
T
V
∫
d3q
(2pi)
3V
∫
d3q′
(2pi)
3
1
3
∑
λ
|S|2 , (18)
with S defined in Eq. (13). The squared matrix ampli-
tude is
|S|2 = S0S†0+S0S†LV (1)+SLV (1)S†0+S0S†LV (2)+SLV (2)S†0,
(19)
in first order in the LV parameters. Substituting Eq.
(19) in Eq. (18), ones achieves
Γll = ΓS0S†0
+ ΓS0S†LV (1)
+ ΓSLV (1)S†0
+ ΓS0S†LV (2)
+ ΓSLV (2)S†0
. (20)
The first term, ΓS0S†0
, is the decay rate for the Lorentz
invariant usual process (ρ→ pi−pi+), that is,
ΓS0S†0
=
g2ρpipi
48pi
(
m2ρ − 4m2pi
)3/2
m2ρ
Θ (mρ − 2mpi) . (21)
As a consequence of the current conservation, due to
the presence of the momentum qµ in Eq. (17), one
has ΓS0S†LV (1)
= 0, ΓSLV (1)S†0
= 0. The nonnull first or-
der LV contribution stems from the pieces ΓS0S†LV (2)
and
ΓSLV (2)S†0
, which can be read as
ΓS0S†LV (2)
= ΓSLV (2)S†0
= (ξ · q) g¯gρpipi
48pik0
(
m2ρ − 4m2pi
)3/2
mρ
×Θ (mρ − 2mpi) . (22)
where ξ · q = ξ0q0− ξ ·q. Therefore, the total decay rate,
Γ = ΓS0S†0
+ ΓS0S†LV (2)
+ ΓSLV (2)S†0
, is now written as
Γ =
g2ρpipi
48pi
(
m2ρ − 4m2pi
)3/2
m2ρ
[
1 +
2mρ
gρpipi
(g¯ξ0)
]
×Θ (mρ − 2mpi) , (23)
where we have used q20 = m
2
ρ and (ξ · q) = ξ0mρ, since
we are adopting the point of view of the rest frame of the
ρ0 vector meson.
In accordance with Ref. [17], the meson ρ decay rate
is Γ = (149.1± 0.8) MeV or Γ = 149.1 (1± 0.005) MeV
and the ρ mass is mρ = 775.50 MeV [17]. The coupling is
gρpipi can be estimated by the universality condition and
it is given by gρpipi = 6.0 [50]. So, we impose that the
LV contribution can not be larger than the experimental
imprecision of the measurement. At this way, it holds
2mρ (g¯ξ0) /gρpipi < 5.0 × 10−3, which leads to the upper
bound
(g¯ξ0) < 1.9× 10−2 (GeV)−1. (24)
In the framework of the SME, the LV tensor back-
grounds are considered fixed in spacetime, that is, in the
Sun’s frame. In the Earth frame [41, 48], these coeffi-
cients undergo sidereal variations. Thus, it is suitable to
translate the bounds from the Earth-located Lab’s RF at
the colatitude χ, rotating around the Earth’s axis with
angular velocity Ω, to the Sun´s frame. For experiments
up to a few weeks long, the transformation law for a rank-
1 tensor, Aµ, is merely a spatial rotation, A
T
µ = RµαAα,
where the label T indicates the quantity measured in the
Sun’s frame, and R0i = Ri0 = 0 and R00 = 1. Thus, four
vector time-components are not modified, AT0 = A0, so
that the upper bound (24) could be equally written in the
Sun’s frame. However, the situation is not so simple, as
pointed out in Ref. [51] (for pion decays), once the decay
rate of the process ρ0 → pi−pi+ is being considered in the
rest frame of the decaying meson, not in the Lab (Earth)
frame, where the measurements are performed. In order
to take into account this point, one option is to translate
the upper bounds (24), associated with an evaluation at
the vector boson rest frame, directly to the Sun´s frame,
with the boost ξ0 = γz(ξ
0
T + α
iξiT ), where γz = γ(vz) is
the Lorentz factor, vz is the meson velocity in the Sun´s
frame, αi = viz /c, approximately its velocity in LAB
frame. In this case, the upper bounds (24) can be read
in the Sun´s frame as∣∣g¯(ξ0T + αiξiT )∣∣ . 1.9× 10−2 (GeV)−1 , (25)
since γz ' 1 in the decay experiments with available CM
energy not much larger than mρ = 775.50 MeV.
IV. LV CORRECTIONS TO THE PION FORM
FACTOR
As we have pointed out in the introduction, one of the
most important aspects of the KLZ model is its ability
for providing the electromagnetic pion form factor. Ex-
perimentally, the timelike pion form factor can be mea-
sured through the process e+e− → γ → pi+pi− and the
spacelike pion form factor can be measured through the
process e−pi− → γ → e−pi− [18, 52]. In the timelike
region, it holds
〈pi(p′)pi(p)|Jµem|0〉 = (p′ − p)µFpi. (26)
This matrix element can be evaluated directly from the
KLZ model with Lorentz violation. Following Lagrangian
(11), we obtain the following expression for the pion form
factor at tree level:
Fpi(q) = −
m2ρ
q2 −m2ρ
(1 +
g¯
gρpipi
ξµqµ), (27)
where we have omitted the prime index of the fields and
the transfer momentum is qµ = (p′+ p)µ. Notice the ap-
pearance of a linear contribution in the photon momen-
tum, contracted with the background vector, ξµ, consti-
tuting an anisotropy source for the pion form factor.
5FIG. 2: Diagrams relevant for the ρ self-energy
As mentioned before, beyond the tree-level analysis,
the form factor in Eq. (27) gains a pole at the ρ mass,
stemming from the ρ-meson self energy evaluations. In
the actual version of VMD, the LV new vertex also brings
a correction for the ρ-meson self-energy. The relevant
diagrams are shown in Fig. 2, showing only the vacuum
polarization contribution. This way, the ρ propagator
is corrected by the vacuum polarization contribution, so
that pion form factor (27) becomes
Fpi(q) = −
m2ρ + Πρ(0)
q2 −m2ρ −Πρ(q)
(1 +
g¯
gρpipi
ξµqµ). (28)
The vacuum polarization receives contribution from
the usual vertex and that from the LV correction,
g¯Gµνξ
ν . From Fig. 2, one observes that this quantity
is quadratic in the usual coupling. Thus, we have to in-
clude the second order contribution which comes from
the term g2ρpipiρµρ
µpi∗pi. The presence of the LV coupling
will bring a crossed contribution, like gρpipi g¯, which is a
first order LV correction. In addition, there is a second
order LV correction which will be neglected.
Although the LV interaction term depends on the ρ-
meson momentum, it does not contribute for the pion
loop integration. Therefore, it is straightforward to find
the following expression for the LV vacuum polarization
contribution
Πρ(q) =
(
1 +
2g¯ξα
gρpipi
qα
)
Π(0)ρ (q
2), (29)
where only first order LV terms are considered. The
Π
(0)
ρ (q2) function is just the usual vacuum polarization
contribution, which can be similarly achieved as done in
a massive photon scalar electrodynamics [18], that is
Π(0)ρ (q
2) = Aq2 +B −Gq2D(q)
[
ipi − LN
]
, (30)
where LN = ln
∣∣∣√(1−4m2pi/q2)+1√
(1−4m2pi/q2)−1
∣∣∣, G = 13 g2ρpipi(4pi)2 and D(q) =(
1−4m2pi/q2
)3/2
. This form is valid above the production
threshold q2 > 4m2pi. Below this threshold 0 < q
2 < 4m2pi,
we have
Π(0)ρ (q
2) = − g
2
ρpipi
24pi2
q2
[(4m2pi
q2
− 1
)3/2
arcsin(
√
q2
2m
)
+
4
3
− 4m
2
pi
q2
]
+Aq2 +B, (31)
where the constants A and B are determined by the vac-
uum polarization at ρ mass and zero momentum, respec-
tively, being given by
A = −G
[
D(q)LN+8
m2pi
m2ρ
]
, B = Π(0)ρ (0) = 8Gm
2
pi. (32)
In order to keep LV effects only at first order, we ex-
pand the LV pion form factor (28) using the LV vacuum
polarization (29) and we have
Fpi(q) = F
(0)
pi (q
2)
(
1 + C(q2)
g¯
gρpipi
ξµqµ
)
, (33)
where the pion form factor in the absence of LV, F
(0)
pi (s),
and the factor C(q2), are
F (0)pi (q
2) = − m
2
ρ + Π
(0)
ρ (q2)
q2 −m2ρ −Π(0)ρ (q2)
, (34)
C(q2) =
q2 −m2ρ + Π(0)ρ (q2)
q2 −m2ρ −Π(0)ρ (q2)
. (35)
The consequences of the linear momentum dependence
in (33) can be seen by looking it at low momenta. This
way, the LV pion form factor allows the expansion
Fpi(q) = 1 + C(0)
g¯
gρpipi
ξµqµ +
q2
m2ρ + Π
(0)
ρ (0)
. . . . (36)
Notice that the well known pion mean-squared radius,
the coefficient of q2, is not affected by LV factor. On
the other hand, the LV interaction brings a nonzero pion
mean radius, the coefficient of the linear momentum.
This might have a deep consequence in the properties of
the pion, as playing the role of a nonzero electric dipole
momentum for the pion. We will leave this possibility to
be discussed in a future work.
We work in the center mass frame where p′µ = (E,+~p)
and pµ = (E,−~p). This way, we obtain the relation q2 =
s = 4E2 and naturally only the time direction of the
Lorentz vector ξµ takes place. So, the LV pion form
factor (33) reads
Fpi(s) = F
(0)
pi (s)
(
1 + C(s)
g¯ξ0
gρpipi
√
s
)
. (37)
where LV effects are carried just by the time component
of the LV background vector, ξ0.
A. LV correction to muon anomalous magnetic
moment.
Another possible route for constraining the magnitude
of the LV nonminimal coupling is the hadronic contribu-
tion of the pi+pi− timelike channel to muon anomalous
6magnetic moment. At lowest order [13], the hadronic
contribution to this quantity is
ahadµ =
∫ ∞
4m2pi
dsK(s)R(s), (38)
where the Kernel function is given by
K(s) =
α2
3pi2s
∫ 1
0
dx
x2(1− x)
x2 + (1− x)s/m2µ
, (39)
the fine structure constant is α = 1/137 and mµ is the
muon mass. The function R(s) is the ratio of the cross
sections for e+e− annihilation into hadrons over annihi-
lation into muons, at lowest order:
R(s) =
σ(e+e− → hadrons)
σ(e+e− → µ+µ−) . (40)
The cross sections for e+e− annihilation into muons is
well known,
σ(e+e− → µ+µ−) = 4piα
2
3s
. (41)
At low energies s ≤ s0 = 0.8 GeV2, where just the light
quarks are relevant, the cross sections for e+e− annihila-
tion into hadrons receives just the two-pion contribution
and it can be expressed as
σ(e+e− → pi+pi−) = piα
2
3s
(
1− 4m
2
pi
s
)3/2
|Fpi(s)|2. (42)
This way, the hadronic contribution to muon anomalous
magnetic moment (38) is written as
ahad,piµ =
1
4
∫ s0
4m2pi
K(s)
(
1− 4m
2
pi
s
)3/2
|Fpi(s)|2ds. (43)
Now, it is convenient to rewrite the muon anomalous
magnetic moment (43) in one contribution without LV
and another at first order in LV. Then, using the LV
pion form factor (37), we have
ahad,piµ = a
(0)
µ +
2g¯ξ0
gρpipi
a(1)µ , (44)
where a
(0)
µ is the hadronic contribution for the muon
anomalous magnetic moment in the absence of LV,
namely, using F
(0)
pi (s). The a
(1)
µ term, which receives LV
contribution inside the parenthesis in Eq. (37), is given
by
a(1)µ =
1
4
∫ s0
4m2pi
K(s)
(
1− 4m
2
pi
s
)3/2
ReC(s)
√
s|F (0)pi (s)|2ds.
(45)
With the muon mass mµ = 0.1056 GeV [17], the nu-
merical integration (45) yields a
(1)
µ = 1.78 × 10−9GeV.
Using the experimental imprecision of the measurement
given in (1), we impose 2g¯ξ0gρpipi a
(1)
µ < 60 × 10−11, which
yields the following upper bound:
g¯ξ0 < 1.0 GeV
−1. (46)
Note that this upper bound is due to the experimental
imprecision of the measurement (1) and the smallness of
the LV contribution for the anomalous magnetic moment,
a
(1)
µ . Although two-loop corrections for the ρ propagator
yield smaller contributions to a
(1)
µ , it will not improve
the first order upper bounds, since they involve second
order LV coefficients, as (g¯ξ0)
2. It is possible to consider
vertex corrections, which contribute at the same order as
the one loop corrections. But, as the vertex corrections
do not affect the form factor in the timelike region [18],
do not need to be taken into account.
Finally, as this bound is stated on the zeroth compo-
nent of the LV background using data belonging to the
center of mass frame (LAB), it is equally written in the
Sun’s frame.
V. CONCLUSION AND FINAL REMARKS
In this work we have examined the KLZ model in the
presence of LV nonminimal couplings, named here as LV
KLZ. We started the section II revising the VMD in the
model by introducing the electromagnetic interactions in
a gauge invariant way. We also showed the second ver-
sion of VMD, valid in the universality limit gρpipi = gρ,
where the EM current one converts entirely into a ρ me-
son. After that, the LV is included via two nonminimal
couplings: the g¯ between the neutral vector meson field
strength and the pion current and the g˜ between the pho-
ton field strength and the pion current. The requirement
of the second version of VMD lead us to impose the new
universality condition eg¯ = g˜gρ. This signalizes that any
other nonminimal couplings will lead to new universality
conditions due to the VMD. It is worth highlighting that
this requirement makes easier our study of VMD and
pion form factor, but it can be relaxed. In section III
we used the LV KLZ model to study the ρ meson decay
modified by the LV nonminimal couplings. At tree level,
we have found that LV brings a linear correction in the
ρ meson decay, like, ξµqµ. Working in the ρ rest frame,
which matches with the CM frame, and using the exper-
imental values for the parameters of the model, we also
have found the quantity ≈ 1.9×10−2 (GeV)−1 as upper
limit for the LV nonminimal coupling g¯ξ0 .
In section IV, using the VMD within of the LV KLZ
model, we have found that the LV nonminimal coupling
brings an anisotropy for the timelike pion form factor.
To deal with pole at the ρ mass, we evaluated the LV
correction for the vacuum polarization and rewrite the
form factor just at LV first order. At low momenta, we
have noticed that the LV term brings a linear momentum
dependence (ξµqµ). This fact could originate a nonzero
7pion mean radius 〈rpi〉 and, as a consequence, a electric
dipole momentum for pion caused by the LV term, which
would open a new perspective on the pion. We left this
study for a future work. On the other hand, we also
have noticed that LV term does not cause any effect on
the pion mean-squared radius 〈r2pi〉, coefficient of the q2,
and the reason is because we just considered LV first
order corrections for the pion form factor. Taking LV
higher order corrections we expect small corrections for
pion mean-squared radius. To constrain the LV nonmin-
imal coupling, we have used the two-pion contribution
for the muon anomalous magnetic moment (ahad,piµ ): In
the center of mass frame, where just the time component
of ξµ survives, we found the LV first order correction
for ahad,piµ and using the experimental imprecision of the
measurement for this quantity we found ≈ 1.01× GeV−1
as upper limit for g¯ξ0, which is greater than found using
the imprecision of the ρ decay constant.
As a final remark we pointed that the LV nonmini-
mal coupling between vector mesons and pions, intro-
duced in the KLZ model at hadron level, can be gen-
erated from Lorentz violating effects at quark level de-
scribed by a QCD dimension-five and dimension-six La-
grangian. At this level, the LV terms would consist of ex-
tra interactions between gluons and quarks, making the
theory nonrenormalizable. The effective lagrangian at
hadron level with LV nonminimal coupling is constructed
by matching the relevant symmetry properties at quark
level, in particular the chiral symmetry. This way, fol-
lowing [29, 31, 42], one can derive the chiral perturba-
tion theory (CPTh) corrected by the LV nonminimal
contributions. In addition, the vector mesons are imple-
mented in the CPTh by a residual hidden local symmetry
mechanism [54]. It seems that the implementation of the
LV terms does not have influence under this mechanism.
Nonminimal couplings at the quark level can be also rel-
evant to investigate nucleon contributions to hadron and
nuclear EDM, where the CP violation is a sensitive issue
[55]. As the KLZ model is just the CPTh with vector
mesons expanded up to second order, the present work
opens a window to explore the LV nonminimal couplings
within of the chiral perturbation theory and at the quark
level as well, which is very rich for describing the hadron
physics. Another interesting perspective is the investiga-
tion of CP-odd pion-nucleon LV interactions, both in the
minimimal and nonminimal mass dimension, which can
play a relevant role as source of nuclear EDM [55–57].
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